Acute stress is an important factor in the development of anxiety disorders. Zebrafish are an organism model widely used by studies that aim to describe the events in the brain that control stress-elicited anxiety. the goal of the current study was to evaluate the pattern of cell activation in the telencephalon of adult zebrafish and the role of the GABAergic system on the modulation of anxiety-like behavior evoked by acute restraint stress. Zebrafish that underwent acute restraint stress presented decreased expression of the c-fos protein in their telencephalon as well as a significant decrease in GABA release. The data also supports that decreased GABA levels in zebrafish brains have diminished the activation of GABAA receptors eliciting anxiety-like behavior. Taken together these findings have helped clarify a neurochemical pathway controlling anxiety-like behavior evoked by acute stress in zebrafish while also opening the possibility of new perspective opportunities to use zebrafish as an animal model to test anxyolitic drugs that target the GABAergic system. open Scientific RepoRtS | (2020) 10:5551 | https://doi.
Anxiety is a very common behavioral disorder associated with a traumatic experience in humans [1] [2] [3] [4] . The use of animal models to describe brain disorders related with traumatic events represents an important tool for development of new treatments and drug discoveries. Given this perspective, describing the histological and molecular events, which coordinate the brain alterations controlling animal behavior after a stressful experience, is essential to the establishment of an efficient animal model.
Danio rerio (zebrafish) have become an organism model widely used for studies related to normal or altered human behavior. It is justified since this specie presents a high degree of genetic, biochemical and histological homology to humans [5] [6] [7] [8] [9] [10] . Zebrafish neurophysiology and behavior are regulated by the same neurotransmitter systems that are described in mammals, including humans. However the association between zebrafish behavior and neurotransmitter release in its brain remains unclear. Most of the protocols used to evaluate the altered behavior of zebrafish use an indirect approach to describe the neurochemical events in its brain. The current study aimed to describe glutamate and GABA release in zebrafish that underwent acute restraint stress. Piato et al. (2011) showed that zebrafish present altered behavior and biochemical alterations when submitted to acute restrain stress. Ghisleni et al. (2012) demonstrated that this traumatic experience evokes activation of hypothalamus-pituitary-interrenal (HPI) axis which is the fish analogous structure of mammalian hypothalamus-pituitary-adrenal (HPA) axis. Although zebrafish represent a potential animal model for studies about anxiety disorder evoked by acute stress, it remains unclear how this aversive stimulus alters the excitatory and inhibitory neurotransmission in zebrafish brain. Glutamate and GABA represent the main excitatory and inhibitory neurotransmitters in the central nervous system, respectively. Glutamate mediates some neuropathologies by hyper stimulation of NMDA glutamate receptors and generation of neuronal excitotoxicity [11] [12] [13] . As previously reported, glutamate spillover induces neuronal loss and synaptic dysconnectivity by reduction of synaptic density. Some studies have associated these entire phenomenons with generation of anxiety disorder in humans and anxiety-like behavior in rodents [14] [15] [16] . The GABA neurotransmitter is also implicated in generation of symptoms related with anxiety disorder and anxiety-like behavior [17] [18] [19] . GABAergic signalization is mediated by stimulation of GABAA receptors which are ligand-gated ion channels and GABAB receptors which are G protein-coupled receptors 20, 21 . The characterization of the roles that glutamate and GABA play in the generation of anxiety-like behavior elicited by acute stress in zebrafish is a very important step to consolidate this specie as an animal model for studies of anxiety-like behavior evoked by acute stress. Based on all these findings, the current study aimed to evaluate the pattern of brain activation of glutamate and GABA release in the brains of zebrafish that underwent acute restraint stress as well as to verify participation of glutamatergic and GABAergic systems in the anxiety-like behavior evoked by this aversive stimulus.
Results
Brain activation in zebrafish submitted to ARS. Firstly, we aimed to evaluate cellular activation in the brain of zebrafish submitted to ARS protocol. Our data has shown that ARS evoked a decrease in c-fos expression in zebrafish telencephalon when compared with control ( Fig. 1a ). This phenomenon is better demonstrated in Fig. 1b which shows the number of c-fos positive cells in telencephalic region of both groups (df = 6, p(bilateral) = 0.0002 control = 600 ± 100 cells/µm 2 vs ARS = 250 ± 20 cells/µm 2 ).
Glutamate and GABA quantification in the brain of zebrafish submitted to ARS. In the second experiment, we tried to evaluate if the ARS protocol alters neurotransmitter extracellular levels in the zebrafish brain. Glutamate and GABA were simultaneously measured in the brain samples and, as demonstrated in Fig. 2a , ARS evokes a significant decrease in GABA extracellular levels in the zebrafish brain in comparison with control (df = 4, p(bilateral) = 0.0225 control = 0.045 ± 0.002 µM/mg ptn/minute vs ARS = 0.028 ± 0.002 µM/mg ptn/ minute). Data regarding the measurements of glutamate levels ( Fig. 2b ) have shown that ARS did not alter glutamate extracellular levels in zebrafish brain (df = 4, p(bilateral) = 0.6582 control = 0.16 ± 0.02 µM/mg ptn/minute vs ARS = 0.15 ± 0.04 µM/mg ptn/minute). www.nature.com/scientificreports www.nature.com/scientificreports/ pharmacological evaluation of anxiety-like behavior induced by ARS. Since our results demonstrated that ARS altered only GABA release, we tried to evaluate if this neurochemical alteration could be related to behavioral changes induced by ARS. In the novel tank test, time on the top (Fig. 3a) showed that the ARS group spent less time on the top of the apparatus than control group (F (1, 81) = 9.21, df = 1, p < 0.05 control = 309.9 ± 37.4 s vs ARS = 46.9 ± 9.6 s). This anxiety-like behavior was also evidenced when we evaluated latency to top. As demonstrated in Fig. 3b , animals submitted to ARS took a longer time to go to top of apparatus (F (1, 83) = 6.13, df = 1, p < 0.01 control = 71 ± 19.8 s vs ARS = 380 ± 41 s). Our data also showed that the anxiogenic effect elicited by ARS was prevented by GABA treatment. This phenomenon was observed in two parameters: time on top (F (3, 81) = 38.6, df = 3, p < 0.05 control = 309 ± 37.4 s vs ARS = 46.9 ± 9.6 s vs GABA + ARS = 313.5 ± 43.6 s) and latency to top (F (3, 83) = 68.2, df = 3, p < 0.01 control = 71 ± 19.8 s vs ARS = 380 ± 41 s vs GABA + ARS = 65.9 ± 22.6 s). Data regarding squares crossed and freezing evaluation were not altered by ARS which suggests that acute stress did not alter zebrafish motility or exert panicogenic-like behavior. Fig. 4 . On the other hand, treatment with saclofen, a recognized antagonist of GABAB receptors, had no effect on the anxiolytic effect of GABA in ARS group (Fig. 4) . The role of GABAA receptors as controlling agent of anxiety-like behavior in zebrafish was also observed in non-stressed animals. As observed in Fig. 3 , bucuculline evoked significant anxiogenic-like in these subjects. However, no significant behavioral alterations were observed in non-stressed animals which were treated with saclofen ( Fig. 3 ).
Discussion
The current study shows for the first time that acute restraint stress induces inactivation of telencephalic region and decrease of GABA release in zebrafish brains. These finds give significant contributions for literature since zebrafish represent an important organism model for studies regard behavioral disorders induced by acute stress.
Acute restrain stress is a potent inductor of posttraumatic behavior disorders such as anxiety and panic syndrome. In mammalians, this aversive stimulus affects limbic system triggering behavioral impairments in response to stress 22, 23 . In fact, previous studies have already shown that amygdale represents a limbic structure involved in generation of anxiety-like behavior evoked by acute stress. In the current study we have shown that acute restraint stress evokes substantial inactivation of telencephalic region of zebrafish brain which is described as amygdale-like region of teleost 24, 25 . Morphofunctional studies also have described that amygdale-like region in teleost is housed between ventral and dorsal region of zebrafish telencephalon. Some studies support that dorsal region of teleost telencephalon (Dm) is homologous to pallial amygdala while their ventral regions (Vd, Vs and Vp) are homologous of the subpallial amygdala [26] [27] [28] . In our histological slices was not possible to evaluate the ypsiloniform sulcus (Vp subregion of zebrafish telencephalon). However, we have shown that acute restrain stress evoked significant decrease inactivation of Vs region, but not in Dm and DI dorsal subregions. It was previously described that Dm region presents intense number of glutamatergic neurons while in the Vs region there is a predominance of GABAergic neurons. Taken together these finds support our neurochemical results which have shown a predominant effect of ARS on the GABAergic system when compared with glutamatergic system in zebrafish brain. Data presented in current study show that acute restraint stress alters GABAergic system by decrease of GABA release in the zebrafish brain. This effect was not observed when glutamate release was evaluated in animals submitted to acute restraint stress. The evidences that there are no alterations in extracellular glutamate levels associated with acute restraint stress suggest that the behavioral disorder described was mainly mediated by GABAergic disruption in zebrafish brain. Our data let us to support the hypothesis that acute restraint stress induces anxiety-like behavior in zebrafish by decrease of GABA release leading to low activation of GABAA receptors. In other words, GABA seems to assure the normal pattern of anxiety behavior by constant and tonic stimulation of GABAA receptors. This hypothesis is ratified by our results showing that GABA treatment prevented anxiety-like behavior evoked by acute restraint stress. In addition, inhibition of GABAA receptors blocked preventive action of GABA, being this effect not observed in animals treated with GABAB antagonist. The participation of GABAergic system as a "protagonist" in the generation of anxiety disorder is well documented in mammalian animal models as well as in humans [29] [30] [31] [32] and the current study demonstrated that zebrafish possess similar pattern of GABAergic response and brain activation. As presented in Fig. 5 , the current study has lighted important neurochemical alterations associated with anxiety-like behavior evoked by acute restraint stress in zebrafish. In addition, our results open new perspectives for use of zebrafish as organism model for test of drugs able to modulate GABAergic system and behavior disorders induced by acute stress.
Methods

Drugs and reagents.
Drugs used in the current study were: GABA (γ-Aminobutyric acid; CAS number: c-fos immunofluorescence. Zebrafish were cryoanesthetized and quickly decapitated as previously described by Maximino et al. (2011) . The skin and skull bones were then removed to access the brain. The tissues were fixed with 4% paraformaldehyde (PFA) solution for 2 hours and cryoprotected with crescent solution of sucrose (10%, 20% and 30%) overnight and frozen in Tissue Tek solution. This step was followed by sequential tissue sections in cryostat at 20 µm thickness. Microscope slide containing tissue sections were washed 3 times with PBS and then incubated with blocking solution (rabbit serum 5% and Triton X-100 2.5% in 0.1 M PBS) for 2 hours as described by von Trotha et al. (2014) . Tissue sections were incubated with primary anti-c-Fos antibody (sc-52G, goat polyclonal IgG, Santa Cruz Biotechnology, 1: 400 in of Triton X-100 0.25%, rabbit serum 5%) overnight at 4 °C and then incubated with the secondary antibody (sc-3919, rabbit anti-goat IgG-TR, Texas Red conjugated; 1: 1000 in Triton X-100 solution 0.25%, rabbit serum 5%, Santa Cruz Biotechnology) for 2 hours at room temperature. One of the tissue sections didn't receive the primary antibody being a negative control. Cell nuclei were stained with DAPI (4,6-diamine-2-fenilindol) probe and the images were visualized by fluorescence microscopy (NIKON-Eclipse). The images were recorded and the cell number in the zebrafish telencephalon was determinated using ImageJ software. Brightness and contrast were raised in the Software to help the cell couting.
High performance liquid chromatography (HpLc). HPLC system used in the present study was based in previous studies [33] [34] [35] [36] using a Shimadzu (LC-10 AD) model with an injection circuit accomplished to LC-20AT pump, analytical Shimadzu C18 column and fluorescence detector (RF-10AXL). The mobile phase (A phase) was composed by 50 mM sodium acetate, 5% methanol and 2-propanol. B phase was composed of 70% methanol. Immediately after the behavior task each animal was cryoanesthetized and quickly decapitated. After that, the skin and skull bones were removed to access the brain. Each sample was transferred to culture dishes containing 500 μl of Na + -HANK buffer and maintained in a CO 2 stove for 20 minutes at 37 °C. Analysis matrix was prepared by addition of 1% TCA followed by centrifugation for 10 minutes at 5000 rpm. Derivatization process of the analysis matrix was performed by mixing 60 μl samples in 10 μl of the methanolic o-phthaldialdehyde borate buffer pH 9.5. Final volume of samples was vortexed and injected into the system for analysis after 5 minutes. Homoserin was used as an internal standard in HPLC. Extracellular levels of glutamate and GABA were simultaneously measured in the samples and the values expressed µM/mg of protein/minute. Protein content was determined by Bradford method 37 . novel tank diving test. The apparatus used in this study consists of a tank (15 × 30 × 22) completely filled with water. After treatments, each animal was individually transferred to the test apparatus and allowed to explore for 10 minutes being recorded by a camera. Time on top (s), latency to top (s), number of crossings, freezing and erratic swimming were the behavioral parameters evaluated in this task. X-Plo-Rat 2005 and ZebTrack softwares were used for the video analysis of behavior by blind experimenters 38,39 . Data analysis. Normal distribution of the data was evaluated by Shapiro-Wilk normality test. For the statistical analyzes comparing two groups, the data obtained was analyzed through the Student's T test, whereas in the data referring to more than two groups, the analysis of variance (ANOVA) of two way was performed, followed by Bonferroni post test. All the statistics were made in BioEstat 5.0 software, considering statistical difference when p < 0.05.
